Abstract: Extending the spectral absorption of organolead halide perovskite solar cells from visible into near-infrared (NIR) range renders the minimization of non-absorption loss of solar photons with improved energy alignment. Herein, we report on, for the first time,aviable strategy of capitalizing on judiciously synthesized monodisperse NaYF 4 :Yb/Er upconversion nanoparticles (UCNPs) as the mesoporous electrode for CH 3 NH 3 PbI 3 perovskites olar cells and more importantly confer perovskites olar cells to be operative under NIR light. Uniform NaYF 4 :Yb/Er UCNPs are first crafted by employing rationally designed double hydrophilic star-like poly(acrylic acid)-block-poly(ethylene oxide) (PAA-b-PEO) diblock copolymer as nanoreactor,i mparting the solubility of UCNPs and the tunability of film porosity during the manufacturing process.T he subsequent incorporation of NaYF 4 :Yb/Er UCNPs as the mesoporous electrode led to ah igh efficiency of 17.8 %, which was further increased to 18.1 %u pon NIR irradiation. The in situ integration of upconversion materials as functional components of perovskite solar cells offers the expanded flexibility for engineering the device architecture and broadening the solar spectral use.
Recent research has witnessed unprecedented advances in organolead halide perovskite solar cells with ap ower conversion efficiency (PCE) leaping from approximately 3% to over 20 %. [1] [2] [3] [4] [5] Several strategies have been successfully developed for improving PCE of organolead halide perovskite solar cells,for example,bycontrolling the crystallization of perovskite active layers, [6] engineering the interface energy alignments, [7, 8] and modifying the chemical composition of perovskites. [9, 10] Thes tandard spectrum of AM1.5G sunlight ranges from 280 nm to 2500 nm (i.e., 0.5-4.4 eV), however, only asmall fraction of incident photons in the UV and visible ranges (280 nm to 800 nm) can be absorbed and converted into electricity in perovskite solar cells. [11] Al arge portion of the incident light is thus lost in the form of thermalization and non-absorption photons.One promising approach to decrease such non-absorption photon loss is the employment of UCNPs to preferably harvest the NIR solar photons,followed by the absorption of emitted high-energy photons to generate extra photocurrent in solar cells,offering apotential means of overcoming the Shockley-Queisser limit of as ingle-junction solar cell. [12] Theoretical calculations have predicted that the PCE of atypical silicon solar cell (E g = 1.1 eV) can be increased from 20 %t o2 5% by putting ar ear UCNP layer under concentrated solar power. [13, 14] Forp ractical interest, ytterbium/ erbium-doped lanthanum fluoride (LaF 3 :Yb/Er) UCNPs have been integrated with TiO 2 as the internal mesoporous electrode in dye-sensitized solar cells (DSSCs) to enable the absorption of NIR light. However,this internal configuration of LaF 3 :Yb/Er-TiO 2 nanocomposites suffered from large charge recombination at the LaF 3 :Yb/Er-TiO 2 /dye/electrolyte interfaces. [15] In sharp contrast to liquid electrolyte-based DSSCs,o rganolead halide perovskite solar cells exhibit as trong compatibility with av ariety of electrode materials owing to their highly efficient ambipolar charge transport nature.Inthis context, insulating UCNPs may be exploited as internal mesoporous electrode and in the meantime entail organolead halide perovskite solar cells to work under NIR light. However,t his has yet to be explored.
One prerequisite for practical applications of UCNPs invokes the surface modification with organic ligands,w hich ultimately determine the dispersibility and stability of these nanoparticles in solvents.C learly,a ni ntimate interfacial contact between UCNPs and ligands is crucial for achieving long-term stable dispersion of UCNPs in solvents.Alarge number of impressive approaches,such as ligand exchange, [16] direct grafting, [17] [18] [19] [20] and direct nanocrystal growth, [21] have demonstrated the feasibility of realizing the intimate contact between them. However, organic ligands may dissociate from the surface of inorganic nanoparticles over al ong period of time,asthey are often not connected permanently with each other and there is aw eak interaction or not strong enough binding between them. Thesurface ligands also influence the nanoparticle spacing. Thea iblity to tune the porosity of mesoporous structures is key to high-performance materials and devices,f or example,l ithium batteries,d rug delivery, pollutant filtration, and gas storage.
Herein, we report for the first time an unconventional route to monodisperse NaYF 4 :Yb/Er UCNPs as the mesoporous electrode for NIR organolead halide perovskite solar cells.U niform NaYF 4 :Yb/Er UCNPs permanently tethered with hydrophilic polymer as surface ligands were first crafted by capitalizing on ar ationally designed double hydrophilic star-like poly(acrylic acid)-block-poly(ethylene oxide) (PAAb-PEO) diblock copolymer as an anoreactor through the strong coordination interaction between the carboxyl func-tional groups of inner PA Ablocks and the metal moieties of precursors of NaYF 4 :Yb/Er.T he outer PEO blocks render the solubility and long-term stability of the resulting NaYF 4 :Yb/Er UCNPs in aqueous solution, and offer the capability of adjusting the porosity by introducing PEO homopolymer as additives.T he NaYF 4 :Yb/Er mesoporous electrode was demonstrated to enable the NIR CH 3 NH 3 PbI 3 perovskite solar cell by converting the low-energy NIR photons into absorbable high-energy visible photons.
Thes ynthetic route to hydrophilic PEO-capped NaYF 4 :Yb/Er UCNPs using the double hydrophilic star-like PA A-b-PEO diblock copolymer as ananoreactor is depicted in Figure 1 . Thestar-like PA A-b-PEO diblock copolymer was synthesized by atom transfer radical polymerization (ATRP) of tert-butyl acrylate using 21Br-b-CD as am acroinitiator, followed by aclick reaction with alkyne-terminated PEO and hydrolysis in trifluoroacetic acid (see the Methods Section in the Supporting Information, Figures S1-S3 ). [22, 23] Thes trong coordination bonding between the carboxyl functional groups of PA Ab locks and the rare-earth metallic ions of the NaYF 4 :Yb/Er precursors (i.e., CF 3 COONa, Y(CF 3 COO) 3 , Yb(CF 3 COO) 3 ,a nd Er(CF 3 COO) 3 )a llowed the preferential incorporation of precursors within the regime occupied by inner PA Ab locks of the star-like PA A-b-PEO diblock copolymer. Thethermal decomposition of rare-earth metallic trifluoroacetates within the nanoreactor at ar elatively high temperature promoted the nucleation of NaYF 4 :Yb/Er upconversion nanocrystals and finally grew into uniform NaYF 4 :Yb/Er UCNPs.A st he surface of the UCNPs are intimately covered by PEO blocks that are originally covalently bonded to inner PA Ablocks,the NaYF 4 :Yb/Er UCNPs possess an excellent solubility in hydrophilic solvents with long-term stability.M ore importantly,s uch direct capping of PEO chains on the surface of NaYF 4 :Yb/Er UCNPs not only simplifies the purification process of the resulting nanoparticles because they dispense with the need for ligand exchange,b ut also facilitates the manufacturing of the NaYF 4 :Yb/Er mesoporous electrode as the PEO ligands render the formation of relatively thick interlayers between UCNPs as compared with small molecular ligands,o ffering ap otential route to relatively large-sized mesoporosity after the removal of the PEO ligands. Figure 2a shows ar epresentative transmission electron microscopy (TEM) image of high-quality,m onodisperse NaYF 4 :Yb/Er UCNPs with an average size of 16.3 AE 0.8 nm (i.e., the size distribution is less than 5% of its average size). Theh igh-resolution TEM image in the inset revealed an interplanar lattice spacing of 0.52 nm, corresponding to the (100) crystal plane of hexagonal-phase NaYF 4 :Yb/ Er crystals.X -ray diffraction (XRD) measurement further substantiated the formation of hexagonal NaYF 4 :Yb/Er crystals (Figure 2b ). TheP EO diffraction peaks appeared at 2q of 19.28 8 and 23.38 8, [24] while all other diffraction peaks can be readily indexed to hexagonal NaYF 4 :Yb/Er crystals (JCPDS 00-028-1192). Thea verage size of NaYF 4 :Yb/Er UCNPs estimated from the XRD profile by the Scherrer equation was approximately 18.5 nm, which is comparable with the TEM result, indicating that the star-like PA A-b-PEO diblock copolymer template enabled the synthesis of highly crystalline uniform NaYF 4 :Yb/Er UCNPs.Hexagonal-phase (b-phase) NaYF 4 :Yb/Er is more favorable for upconversion applications because of its high upconversion quantum yield in comparison with its cubic-phase (a-phase) counterpart. [12] Figure 2c displays the upconversion fluorescence spectrum of NaYF 4 :Yb/Er UCNPs under excitation by a980 nm NIR laser. As illustrated in the inset, the upconversion transition of NaYF 4 :Yb/Er is basically an onlinear anti-Stokes optical process, [11, 12] involving the excitation of Yb ions under NIR light, the energy transfer from Yb to Er ions,and the radiative energy decay of Er ions.C onsequently,f our emission peaks at 408, 523, 542, and 655 nm were observed, which are associated with the 2 Figure 2c ).
TheP EO-capped NaYF 4 :Yb/Er UCNPs were then fabricated into mesoporous electrodes for CH 3 NH 3 PbI 3 perovskite solar cells,ass chematically illustrated in Figure S4 (see the Methods Section in the Supporting Information). The CH 3 NH 3 PbI 3 perovskite layer was then deposited by amodified two-step method, forming CH 3 NH 3 PbI 3 cuboids with an average size of 340 nm, [26] and the cross-sectional SEM image showed that the NaYF 4 :Yb/Er mesoporous layer was fully covered with CH 3 NH 3 PbI 3 ( Figure S5 ). Thei nter-nanoparticle spacing (i.e., pore size) of the NaYF 4 :Yb/Er mesoporous film can readily be tuned by adding as mall amount of PEO homopolymer in the nanoparticle solution, leading to the increased inter-nanoparticle spacing in the mesoporous film after oxygen plasma treatment. Thepore size distribution and specific surface area of the NaYF 4 :Yb/Er mesoporous films were characterized by an itrogen gas sorption technique (Figure 3a,b) . Fort he mesoporous film prepared from NaYF 4 :Yb/Er UCNPs without the PEO additives,t he average pore size was 23.6 nm and the surface area was 64.3 cm 2 g À1 compared to apore size of 27.9 nm and asurface area of 60.9 cm 2 g À1 ,r espectively,i nt he TiO 2 reference film ( Figure S6 ). With the addition of 0.8 wt %e xtra PEO homopolymer,t he average pore sizes of NaYF 4 :Yb/Er mesoporous films can eventually be increased to 30.5 nm (Table S1 ). This is not surprising as the additional PEO homopolymer would preferentially segregate to the original PEO ligand phases that are tethered on the surface of NaYF 4 :Yb/Er UCNPs,a nd expand the interparticle spacing of NaYF 4 :Yb/Er UCNPs.T he mesoporous structure collapsed after adding more PEO homopolymer (i.e., 1.2 wt %), as both the pore size and the surface area decreased (Table S1 ). Al arge-sized inter-nanoparticle spacing is expected to facilitate the penetration of perovskites inside the pores, [4] which is advantageous for absorbing incident photons and transporting charge carriers throughout the mesoporous electrode.T he current density-voltage (J-V) characteristics of CH 3 NH 3 PbI 3 perovskite solar cells based on NaYF 4 :Yb/Er mesoporous electrodes (i.e., 50 nm thick) with varied pore sizes are shown in Figure 3c .T he corresponding photovoltaic parameters are summarized in Table S1 . The open-circuit voltage, V oc ,short-circuit current density, J sc ,and fill factor, FF,ofthe devices were obviously enhanced with the increase of the pore sizes,and the PCEs were improved from 10.5 %to14.2 %when the average pore size exceeded 30 nm. Figure S7a) , and no serious hysteresis effects were observed in these devices ( Figure S8 ). These high efficiencies signified that the NaYF 4 :Yb/Er mesoporous layer can effectively serve as as caffold to facilitate the growth of CH 3 NH 3 PbI 3 crystals during the two-step deposition process, similar to the function of TiO 2 and Al 2 O 3 mesoporous electrodes in perovskite solar cells. [27] To elucidate the interfacial charge-transfer properties of the NaYF 4 :Yb/Er UCNP mesoporous electrodes,e lectrochemical impedance spectroscopy (EIS) measurements were performed. TheN yquist plot and corresponding equivalent circuit are shown in Figure S7b .T he NaYF 4 :Yb/Er mesoporous electrode was found to possess comparable series resistance R s and contact resistance R co with those of the TiO 2 mesoporous electrode (Table S3 ). However,aslightly higher R rec for the NaYF 4 :Yb/Er mesoporous electrode may be ascribed to the existence of fewer surface trap states in the insulating NaYF 4 :Yb/Er than in the semiconducting TiO 2 . [28] Compared to the TiO 2 mesoporous film-based device,t he incident photo-to-electron conversion efficiency( IPCE) of ap erovskite solar cell incorporating aN aYF 4 :Yb/Er mesoporous electrode exceeded 85 %o ver ab road range of 400-700 nm and suggested ab etter light harvesting and al ower charge recombination ( Figure S7c ). Thec haracteristic of low charge recombination in the NaYF 4 :Yb/Er mesoporous filmbased device was consistent with the EIS result. We note that the J sc of 21.2 mA cm À2 obtained from the integration of the IPCE profile was very close to the measured value of 22.6 mA cm À2 . Theoretical studies have demonstrated that one promising avenue to promote the contribution of upconversion fluorescence to photocurrent is to operate solar cells under the concentrated solar power. [13, 29, 30] To date,t he world record efficiency of 46 %has been obtained in amulti-junction solar cell at aconcentration of 508 suns,wherein the sub-cells effectively convert the incident photons in the range of 300-1750 nm into photocurrents. [31] As ap roof of principle,t he NaYF 4 :Yb/Er mesoporous electrode-based perovskite solar cell was tested under a9 80 nm NIR laser with ap ower of 2Wand ab eam diameter of 0.3 cm (i.e., apower density of 28 Wc À2 ). The J-V characteristics in Figure 4a unambiguously showed that the NaYF 4 :Yb/Er mesoporous electrode rendered CH 3 NH 3 PbI 3 perovskite solar cell to respond under concentrated NIR light, resulting in a V oc of 0.89 V, a J sc of 0.74 mA cm
À2
,aFF of 53.9 %, and aP CE of 0.35 %. The J-V curve of the reference cell constructed with TiO 2 mesoporous electrode (i.e., the black curve) for comparison is also shown in Figure 4a ,e xhibiting no photovoltaic response under NIR illumination. This was consistent with the observations that bright green fluorescence can be seen on the NaYF 4 :Yb/Er mesoporous electrode irradiated with the 980 nm NIR laser, while no fluorescence emerged on the TiO 2 mesoporous electrode due to the absence of the upconversion effect ( Figure S9 ). When applying the 980 nm NIR laser on the CH 3 NH 3 PbI 3 perovskite solar cells with the NaYF 4 :Yb/Er mesoporous electrode,w hich was simultaneously measured under an AM1.5G standard sunlight, the photocurrent density was increased from 22.7 mA cm À2 to 23.1 mA cm À2 due to the upconversion effect, thus promoting the device efficiencyf rom 17.8 %t o1 8.1 % ( Figure 4b) . Thep hotocurrent density and the corresponding PCE of the NaYF 4 :Yb/Er mesoporous electrodebased perovskite solar cell were measured as afunction of time at aconstant forward bias of 0.875 Vu nder an AM1.5G standard sunlight, during which the 980 nm NIR laser was switched on and off every 15 sa s shown in Figure 4c .Astable output photocurrent density of 19.5 mA cm À2 and the PCE of 17.0 %c an be maintained for 100 su nder the standard sunlight, and the photocurrent density was increased to 19.9 mA cm À2 with as table output PCE of 17.3 %once the 980 nm NIR laser was turned on. The incorporation of upconversion nanoparticles provides apromising route to reducing the non-absorption photon loss in organolead halide perovskite solar cells,w here incident photons with the energy higher than the band gap of perovskites (e.g., 1.6 eV for CH 3 NH 3 PbI 3 )a re effectively harvested by the perovskite active layer (Figure 4d) , while incident photons with energy lower than the bandgap of perovskites (e.g., NIR light) are absorbed by the upconversion nanoparticles,f ollowed by transferring to high-energy photons and in turn contributing to the photocurrents of perovskite active layers.
In summary,w ed emonstrated the implementation of monodisperse UCNPs for high-efficiency organolead halide perovskite solar cells.Uniform b-phase NaYF 4 :Yb/Er UCNPs were created by employing ad esigned double hydrophilic star-like PA A-b-PEO diblock copolymer as nanoreactor. Quite intriguingly,t he exploitation of NaYF 4 :Yb/Er UCNPs as mesoporous electrode in CH 3 NH 3 PbI 3 perovskite solar cells imparted not only the growth of high-quality CH 3 NH 3 PbI 3 cuboid crystals by functioning as as caffold yielding ahigh PCE of 17.8 %, but also the realization of NIR perovskite solar cell under the 980 nm laser irradiation resulting in aP CE of 0.35 %b yh arvesting the NIR solar photons (i.e., dual functionalities). Notably,t he hydrophilic nature and long-chain characteristic of PEO ligands facilitated the fabrication of NaYF 4 :Yb/Er UCNPs into mesoporous electrodes with tunable pore sizes for CH 3 NH 3 PbI 3 perovskite solar cells.This study provided aproof of principle of introducing upconversion materials as ad ual-functional constituent of organolead halide perovskite solar cells for broadening the solar spectral use to NIR light, minimizing the non-absorption energy loss,a nd ultimately promoting the photovoltaic performance.
